Parkinson disease (PD) results from the slow, progressive loss of dopaminergic neurons in the substantia nigra. Alterations in α-synuclein (aSyn), such as mutations or multiplications of the gene, are thought to trigger this degeneration. Here, we show that aSyn disrupts mitogen-activated protein kinase (MAPK)-controlled stress signaling in yeast and human cells, which results in inefficient cell protective responses and cell death. aSyn is a substrate of the yeast (and human) polo-like kinase Cdc5 (Plk2), and elevated levels of aSyn prevent Cdc5 from maintaining a normal level of GTP-bound Rho1, which is an essential GTPase that regulates stress signaling. The nine N-terminal amino acids of aSyn are essential for the interaction with polo-like kinases. The results support a unique mechanism of PD pathology.
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aging | neurodegeneration | proteinopathy P arkinson disease (PD), which is the second most common neurodegenerative disorder, results from the progressive degeneration of dopaminergic neurons in part of the midbrain called the substantia nigra pars compacta (1) . A hallmark of this disease is the formation of protein inclusions (Lewy bodies) in the cytoplasm of affected neurons, and the principal component of Lewy bodies is the protein α-synuclein (αS) (2) . Age-dependent accumulation of αS, perhaps due to lysosome dysfunction (3) , is thought to trigger sporadic PD, whereas missense mutations (4) (5) (6) or multiplication (7) of the αS gene trigger early-onset PD. Because αS molecules in Lewy bodies are phosphorylated at Ser-129 (8), a search has been underway to identify the kinase responsible for this phosphorylation and its role in the pathobiology of αS. Polo-like kinase 2 (Plk2/Cdc5, human/yeast) was recently identified as a suppressor of αS toxicity in yeast, worm, and rat PD models (9) , and Plk2 phosphorylates αS in vitro and in vivo at Ser-129 (10) .
Plks are highly conserved serine/threonine kinases that possess an N-terminal kinase domain and one or two C-terminal polo-box domains that interact with substrates and direct the kinase to various cellular loci (11) . Plks regulate the cell cycle and cytokinesis in dividing cells, whereas their function in nondividing cells, such as neurons, is less well understood. Recent studies have shown that in neurons, Plk2 regulates the activity of two small guanosine triphosphatases (GTPases), Ras and Rap, by phosphorylating their activators (GEFs, guanine nucleotide exchange factors) and inactivators (GAPs, GTPase-activating proteins) (12, 13) . In yeast, Cdc5 also regulates the activity of the small GTPase Rho1 by phosphorylating its GEFs (Tus1 and Rom2) and GAP (Sac7) (14) .
Rho1, which is a member of the Ras-like family of small GTPases, controls actin organization, cell wall biogenesis, polarized secretion, and cytokinesis in yeast cells. Rho1 is the main signaling node in the yeast cell wall integrity (CWI) pathway, which is a MAPK cascade that helps cells monitor and respond to cell wall stress (15) . This pathway is activated by elevated temperatures (37-39°C), mating pheromone, hypo-osmotic shock, and various compounds (caffeine, calcofluor white, and Congo red) (15) . In response to these stresses, membrane-associated Rho1 switches on and then activates protein kinase C (Pkc1). Activated Pkc1 triggers a signaling cascade that activates the transcription factor Rlm1, which controls the transcription of cell wall biogenesis genes.
In this study, the mechanism of toxicity of αS was probed by using yeast, and the findings were validated in human neuroblastoma cells. In yeast, αS decreases the level of GTP-Rho1, which disrupts stress signaling from the membrane to the nucleus and makes cells hypersensitive to stress; αS also disrupts stress signaling in human cells. We propose that αS inhibits Plks from phosphorylating and activating the downstream regulatory proteins Rho GEFs and/or Rho GAPs that, in turn, decreases the total cellular level of GTP-Rho and disrupts stress signaling.
Results
αS Toxicity Depends on the Integrity of Its N Terminus and on Membrane Binding. To determine whether αS toxicity is due to membrane binding, two different C-terminal membrane-targeting sequences (mts) that should increase the amount αS on the plasma membrane were tested. Mts1 (SNSVCCTLM) and mts2 (GSGGCCLLS) are derived from the yeast proteins Ste18 and Ras2, respectively; in vivo, these tags are palmitoylated, and the resultant palmitoylated protein localizes to the plasma membrane (16) . Cells expressing untagged αS exhibited impaired growth compared with vector control cells, whereas cells expressing αS-mts1 or αS-mts2 exhibited an even more pronounced growth defect than cells expressing the untagged protein (Fig. 1A) . Cells expressing GFP-mts1 or GFP-mts2 exhibited nearly the same growth pattern as vector control cells. More dramatic results were obtained with the A30P mutant, which is mainly cytosolic and less toxic than αS in yeast (17) . Cells expressing A30P or A30P (Δ2-10) showed no growth defects compared with vector control cells, whereas A30P-mts2 but not A30P(Δ2-10)-mts2 severely inhibited growth (Fig. 1B) . Western blot analysis showed similar expression levels of all proteins (Fig. 1C) . Fluorescence and electron microscopy revealed that the mts tag promoted the accumulation of A30P and A30P(Δ2-10) at the plasma membrane and the bud neck ( Fig. 1D and Fig. S1 ). Overall, αS/A30P toxicity increases with increased plasma membrane binding. Additionally, the loss of toxicity of the membrane-tethered synucleins upon deletion of only nine N-terminal amino acids indicates that the N terminus of membrane-bound αS inhibits some other membrane protein or membrane-bound αS adopts a toxic conformation only in the context of the full-length protein.
αS Disrupts the Yeast Cell Wall Integrity Pathway. We also discovered that yeast cells expressing αS but not αS(Δ2-10) were hypersensitive to elevated temperatures and caffeine, each resulting in impaired growth ( Fig. 2A ; see SI Text and Fig. S2 ). On the basis of these findings, we hypothesized that membrane-bound αS disrupts the yeast cell wall integrity (CWI) pathway-the MAPK cascade that helps cells monitor and respond to cell wall stress (15) . This hypothesis was tested in various assays.
Cells expressing αS but not αS(Δ2-10) were hypersensitive to cercosporamide (Cer), which inhibits Pkc1 (18), and to latrunculin-A (Lat-A), which inhibits F-actin polymerization (19) , resulting in impaired growth ( Fig. 2 B and C) . The hypersensitivity of αS-expressing cells to heat and to these various compounds is consistent with the notion that αS disrupts the CWI pathway.
To probe the CWI pathway for genes with synthetic lethal interactions with αS at 30°C, 15 deletion mutants in the CWI pathway were tested and enhanced toxicity of αS but not αS (Δ2-10) was found in wsc1Δ and mid2Δ and rom2Δ and tus1Δ ( Fig. 2D and Fig. S3A ). WSC1 and MID2 encode for membrane bound sensors, and ROM2 and TUS1 encode for Rho1 GEFs. One deletion mutant, sac7Δ, was identified that partially protected against αS-induced toxicity at 39°C (Fig. S3B ). SAC7 encodes a Rho1 GAP, and deletion of this gene increases the total cellular level of GTP-Rho1 (20) .
αS Decreases the Global Level of GTP-Rho1 by Disrupting Cdc5
Function. Sakchaisri and colleagues discovered that Cdc5, which localizes to the bud neck (21), phosphorylates Tus1 and that phospho-Tus1 concentrates at the bud neck where it activates Rho1 to trigger cytokinesis (14) . These latter authors proposed that Cdc5 also controls the global level of GTP-Rho1 by its ability to phosphorylate and, thus, activate or inactivate Rho1 GEFs or Rho1 GAPs, respectively. Our hypothesis is that αS at high levels saturates Cdc5, which prevents Cdc5 from phosphorylating and activating Rho1 GEFs (or inactivating Rho1 GAPs). The net result is that the global level of GTP-Rho1 decreases, which blocks signaling to the nucleus under conditions that would otherwise activate the CWI pathway. Several different types of assays were used to test this hypothesis.
First, to determine whether Cdc5 interacts with αS and αS(Δ2-10), kinase and binding (pull-down) assays were conducted with purified recombinant αS and immunoprecipitated hemagglutinin (HA)-tagged Cdc5. In the kinase assay, HA-Cdc5 and αS or αS (Δ2-10) (100 μM) were incubated with Mg +2 /ATP, and then the reaction mixture was subjected to SDS/PAGE followed by Western blot analysis by using a monoclonal antibody specific for αS Ser-129-(Pi). αS was phosphorylated by HA-Cdc5 at Ser-129, whereas αS(Δ2-10) was nearly devoid of phosphorylation at this amino acid (Fig. 3A) . In vivo, αS was phosphorylated at Ser-129, whereas αS(Δ2-10) was nearly devoid of phosphorylation at this amino acid (Fig. 3B ). In the binding assay, we tried without success to pull down αS and αS(Δ2-10) by using HA-Cdc5 bound to agarose beads. Instead, a cross-linking assay was used where HA-Cdc5 and αS or αS(Δ2-10) (50 μM) were incubated for 1 h at 4°C with the reversible cross-linker 3,3′-dithiobis-[sulfosuccinimidyl-propionate]. After centrifugation and washing, the sample was subjected to SDS/PAGE followed by Western blot analysis using antibodies against αS and the HA tag (Fig. 3C) ; this experiment revealed that αS but not αS(Δ2-10) cross-linked to HACdc5. Our interpretation is that αS binds to and dissociates from Cdc5 with rapid kinetics and that the 9 N-terminal amino acids facilitate the interaction with Cdc5.
Second, to determine whether αS inhibits the binding of Tus1 to the polo box (14), we used GST attached to three different Cdc5 constructs-the polo box (GST-PBD), the inactive polo box (GSTPincer), and the kinase domain (GST-KD)-to pull down Tus1. For this assay, BY4741 cdc15-2 cells, which are arrested in anaphase at 37°C (14) , were used. Lysates from cdc15-2 cells expressing Tus1-myc and αS or αS(Δ2-10) were incubated with the various purified GST constructs, and then after several washing steps samples were subjected to SDS/PAGE followed by Western blotting with an antimyc antibody (Fig. 3D) . GST-PBD pulled down Tus1-myc from control cells (no αS expression), from cells expressing αS(Δ2-10), but not from cells expressing αS. A similar pattern was observed with GST-Pincer, although in general less Tus1-myc was pulled down compared with GST-PBD, consistent with a defect in the polo box. The kinase domain failed to pull down Tus1. Overall, αS but not αS(Δ2-10) inhibits the binding of Tus1 to Cdc5.
In complementary experiments, we tested whether αS inhibits the phosphorylation of Tus(1-300)-myc by Cdc5 in cdc15-2 cells. This Tus1 variant is phosphorylated in vivo as indicated by the (D) Tus1-myc pull-down. Lysates from cdc15-2 cells overexpressing Tus1-myc and αS or αS(Δ2-10) were incubated with the indicated GST-Cdc5 constructs. After precipitation, samples were Western blotted and the blots were stained with an anti-myc antibody. Also shown is a blot of the input and a SDS-polyacrylamide gel of the purified GST constructs stained with Coomassie blue. (E) αS inhibits Tus1(1-300) phosphorylation. Lysates from cdc15-2 cells expressing Tus1(1-300)-myc and αS, αS (Δ2-10), or the indicated reagents were Western blotted and blots were stained with an anti-myc antibody. PPase, calf intestinal alkaline phosphatases (10 U); inhibitors, EDTA, and Na 3 VO 4 . (F) αS decreases GTP-Rho1. cdc15-2 cells with flag-Rho1 and αS plasmids were induced for 8 h at 30°C. Western blot of cell lysates shows that GST-Pkc1-RBD but not GST pulled down GTP-Rho1. (G) Effect of αS on the ratio of GTP-Rho1 to Rho1 band intensity compared with control cells (pAG426). ***P < 0.001 was determined for αS versus vector (n = 3 independent experiments) by one-way ANOVA, Dunnett's post hoc analysis. (H) αS inhibits signaling to the nucleus. β-gal activity of cells transformed with high-dose αS plasmid and p1366 plasmid (PRM5::lacZ) that were induced for 10 h (last 6 h ± 20 mM caffeine). ***P < 0.001 was determined for αS versus vector (n = 3) by one-way ANOVA, Dunnett. (I) Cdc5 controls GTP-Rho1. β-gal assay of wild-type and cdc5-1 mutant cells grown to late log phase at 23°C and then incubated for 40 min at 37°C (n = 4). ***P < 0.001, determined by a two-tailed Student's t test. (J) Model for how αS disrupts the CWI pathway.
large electrophoretic mobility shift that occurs upon phosphatase treatment (14) (Fig. 3E, Left) . Whether αS alters the mobility of the hyperphosphorylated Tus1(1-300)-myc was tested. Lysates of cdc15-2 cells that expressed Tus1(1-300)-myc and coexpressed αS or αS(Δ2-10) were probed with an anti-myc antibody. The high molecular mass band at ∼75 kDa, which we attribute to hyperphosphorylated Tus1(1-300)-myc, occurred in cells expressing αS(Δ2-10) and in control cells, but was absent from cells expressing αS (Fig. 3E, Right) ; instead, a lower molecular mass band was observed. The results are consistent with αS but not αS(Δ2-10) partially inhibiting the phosphorylation of Tus1 (1-300) by Cdc5.
Third, to determine whether αS alters the total cellular level of GTP-Rho1, a pull-down assay with GST-Pkc1-PBD beads (14) was used. PBD is a Pkc1 domain that specifically binds a GTPRho1 molecule. Lysates from the cdc15-2 strain were tested. αS decreased the total cellular level of GTP-Rho1 in cdc15-2 cells compared with vector control cells; whereas, the total cellular level of GTP-Rho1 in αS(Δ2-10)-expressing cells was indistinguishable from vector control cells (Fig. 3 F and G) .
Fourth, to determine whether the αS disrupts signaling to the nucleus upon activation of the CWI pathway, a reporter plasmid was used in which the bacterial lacZ gene was under the control of the Rlm1-regulated promoter of PRM5 (PRM5::lacZ) (22) . The effect of αS-induced transcriptional activation of this reporter was quantified by measuring β-galactosidase (β-gal) activity. Strikingly, for wild-type cells treated without caffeine and with caffeine, αS inhibited β-gal activity by 48% and 75%, respectively, compared with cells expressing αS(Δ2-10) or vector control cells (Fig. 3H) ; this data indicates that membrane-bound but not cytosolic αS inactivates transcription of this reporter gene. A parallel experiment showed that inactivating Cdc5 by using a temperature-sensitive mutant (cdc5-1) decreased β-gal activity compared with wild-type cells (Fig. 3I) , which is consistent with Cdc5 controlling the CWI pathway (Fig. 3J) . The experiments in Fig. 3 show that αS but not αS(Δ2-10) specifically blocks transcription of a gene in the CWI pathway by its ability to inhibit Cdc5. αS also disrupts Cdc5-dependent cell cycle functions; see SI Text and Figs. S4 and S5.
αS Disrupts Stress Signaling in SH-SY5Y Cells. αS has been reported to inhibit the phosphorylation of the p38 MAPK and accelerate the death of mouse neuroblastoma cells in culture (23) . Small molecular inhibitors of p38 also trigger cell death (24) , including in SH-SY5Y cells (Fig. S6A) . Our interpretation is that αS inhibits the phosphorylation of p38 and accelerates cell death because it perturbs upstream interactions between Plk2 with Rho/Ras GEFs and/or Plk2 with Rho/Ras GAPs, which lowers the level of active Rho/Ras and, thus, shuts down this pathway. Because detecting changes in active Rho/Ras levels in human cells, which have ∼56 of these proteins (25) , is quite challenging, we probed the phosphorylation of various MAPKs in human neuroblastoma SH-SY5Y cell lines that stably overexpress αS or αS(Δ2-10). It was first confirmed that GST-Plk2 phosphorylates αS more efficiently than αS(Δ2-10) in vitro (Fig. 4A) , and nearly the same results were found in vivo (Fig. 4 B and C) . The phosphorylation Fig. 4 . αS disrupts stress signaling in human cells. (A) Plk2 phosphorylates αS at S129 in vitro. GST-Plk2 and recombinant αS or αS(Δ2-10) (50 μM) were incubated with Mg +2 /ATP, followed by SDS/PAGE, Western blotting, and staining with antibodies against αS and p-S129-αS. (B) αS is phosphorylated at S129 in SH-SY5Y cells. Cell lysates were Western blotted and stained with indicated antibodies (n = 2). (C) Plot shows the p-S129 to αS ratio. (D) αS inhibits MAPK phosphorylation. SH-SY5Y cells overexpressing αS or αS(Δ2-10) were incubated at 37°C or 45°C for 30 min; lysates were Western blotted with the indicated antibodies. Bar graph is fold change of the phospho-protein to protein band intensity relative to control cells (pcDNA). Values are means ± SD (n = 3). In each set of three samples αS is compared with vector and to αS(Δ2-10). **P < 0.01 and ***P < 0.001 were determined by using a one-way ANOVA with a Tukey post hoc test. (E) Cell viability after heat shock. Cells were heat shocked at 51°C for 30 min, returned to a 37°C incubator, and the viability was measured 24 h later by using the MTT assay. Values are means ± SD (n = 3). P value range (**, 0.001 < P < 0.01) of indicated comparisons was determined by using one-way ANOVA with Tukey post hoc test. (F) Model of αS inhibiting Plk interactions with Rho GEFs/GAPs. Inhibition can occur in solution or when αS and Plks concentrate at the plasma membrane.
of p38, c-Jun N-terminal kinase (JNK), and extracellular-signalregulated kinases 1 and 2 (ERK1/2), which are activated by various stresses (26) , and the transcription factor c-Jun was assessed by Western blotting with phospho-specific antibodies after incubating SH-SY5Y cells for 0.5 h at 37°C or 45°C. Upon heat stress, αS partially inhibited the phosphorylation of p38, JNK, and c-Jun compared with control cells, whereas αS(Δ2-10) had no effect (Fig. 4D and Fig. S6B ). We also examined cell viability 24 h after the brief heat shock by using several different SH-SY5Y clones that overexpress αS (clone 2, 12, 14) or αS(Δ2-10) (clone 9, 12). αS but not αS(Δ2-10) accelerated cell death compared with vector control cells as evidenced by the 59 ± 6% decrease in viability of SH-SY5Y clones overexpressing αS compared with vector control cells and SH-SY5Y clones overexpressing αS(Δ2-10) (Fig. 4E) . The inhibition of the phosphorylation of p38 by αS but not by αS(Δ2-10) in human cells is similar to the inhibition of the CWI pathway by αS in yeast.
Discussion
This study has provided evidence for the following mechanism of αS pathology: high expression levels of αS prevent Plks from activating Rho regulatory proteins (GEFs/Gaps), which, in turn, leads to a decrease in the total cellular level of GTP-Rho. αS is toxic is because it inhibits Plks and disrupts signaling (Fig. 4F) , not because it is phosphorylated by Plks at Ser-129. Although αS-Ser-129-Pi may aggregate and forms inclusions, whether it is toxic to cells is debatable. Deleting the first nine N-terminal residues of αS causes a loss of toxicity in yeast and human cells compared with the full-length protein, and that the lack of toxicity of αS(Δ2-10) is a consequence of its failure to interact with Plks (Figs. 3 A-I and 4 A-E), not to its failure to interact with the plasma membrane. For instance, for the two proteins forced into the yeast plasma membrane, A30P-mts and A30P(Δ2-10)-mts, the former is extremely toxic, whereas the latter is not (Fig. 1 A-C) . Strikingly, in both yeast and human SH-SY5Y cells αS but not αS(Δ2-10) blocks a MAPK pathway and accelerates death due to heat shock (Figs. 2 A-D and 4 D and E and Fig. S2 B-E) . A recent report showed that, in contrast to yeast, deleting the first 10 N-terminal residues has no effect on αS membrane binding, aggregation, and cell viability in human SH-SY5Y cells (27) . Specifically, αS and αS (Δ2-11) each bind to the plasma membrane and each exhibit identical toxicity when stably expressing SH-SY5Y cells are treated with a proteasome inhibitor. Although αS and the N-terminal deletion mutant are equally toxic in the proteasomal inhibition assay, the two proteins have unequal toxicities in the heat shock assay; thus, whether αS and the N-terminal deletion mutant have the same or different toxicities depends on the cellular pathway.
The efficiency by which Plks phosphorylate αS at Ser-129 was recently shown to depend on the N terminus of αS. Specifically, αS(103-140) fails to be phosphorylated by all four Plks (Plk1-4) tested, whereas the intact protein is efficiently phosphorylated (28) . Our results show that deletion of only 9 N-terminal residues abolishes the ability of Cdc5/Plk2 to phosphorylate αS in vitro and in vivo (Figs. 3 A and B and 4 A-C) . Our interpretation of our findings is that membrane-bound αS/A30P are extremely toxic because they inhibit membrane-bound Cdc5, which, in turn, decreases the level of GTP-Rho1, and the membrane-bound deletion mutants are not toxic because they cannot interact with Cdc5. Whether the N terminus of αS/A30P directly binds to the polo-box of Cdc5/Plk2 or whether a unique conformation, which binds to the polo-box, exists only in full-length protein cannot be determined at this time. Whether membrane-associated or soluble, Plks that interact with Rho GEFs and Rho GAPs should be subject to inhibition and consequent disruption of cell signaling by αS.
We propose that αS does not inhibit Plk2 under normal cellular conditions because its concentration is not high enough.
Were the concentration of αS to increase with age, however, then its inhibition of Plk2-GEF/GAP interactions would proportionally increase, and cells would become more and more sensitive to stress (Fig. 4F ). An increase in the concentration of neuronal αS can come from an age-dependent decline in the function of the lysosome or the proteasome (3). In our model, decreasing the concentration of αS, increasing the concentration of Plk2 (9), or blocking the binding of αS to Plk2 should rescue αS toxicity. A therapeutic strategy for PD is to block the binding of αS to Plks without interfering with the binding of other substrates. Our mechanism explains how soluble, monomeric αS can become toxic to cells with age.
Materials and Methods
Yeast Strains and Media. For additional methods, see SI Materials and Methods. Yeast strains and plasmids used in this study are given in Tables S1 and S2, respectively. Synthetic complete drop-out media were prepared as described in ref. 29 . Raffinose and galactose were used in the noninducing and inducing media, respectively. Drop-out media were purchased from Sigma-Aldrich and United States Biological, and, unless otherwise noted, all chemicals were purchased from Sigma-Aldrich. Yeast cells were grown with shaking at 30°C, or, for heat stress experiments, at 39°C.
Growth Assay. Yeast cells transformed with various plasmids were grown overnight in liquid raffinose medium and then diluted (to OD 600 = 0.2) into liquid galactose medium and incubated for 6-8 h. Cultures were normalized to the same OD, serially diluted in 10-fold increments, spotted (10 μL) onto solid plates, and incubated for 2-6 d at 30°C. Assays using latrunculin A and β-galactosidase are described in SI Materials and Methods.
Western Blot Analysis. For yeast experiments, lysate preparation and Western blotting were carried out as described (30) . Fifty micrograms of total protein was loaded per well. For mammalian cell culture experiments, cells were cultured, harvested, and lysed in RIPA buffer [50 mM Tris at pH 7.2, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 10 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitor mixture (1:1,000; Sigma-Aldrich)]. All steps were carried out at 4°C. Lysates were sonicated for 10 s and centrifuged at 14,000-15,000 × g for 10 min. Protein concentration was determined by bicinchoninic acid assay (Pierce). Equivalent amounts of protein were separated on a 7.5-12% (wt/vol) or 4-20% (wt/vol) SDS-polyacrylamide gel (BioRad) and transferred to polyvinylidene difluoride membrane. Membranes were blocked for nonspecific binding and then incubated with primary antibodies at the recommended dilutions followed by the appropriate secondary antibody conjugated to horseradish peroxidase. Immunoreactive bands were visualized by using enhanced chemiluminescence solution (Pierce). Membranes were stripped and blotted for tubulin as a loading control. Bands were quantified by densitometry using the Photoshop (Adobe) histogram function. Antibodies and methods for analyzing the effect of αS on the phosphorylation of Tus1(1-300) are given in SI Materials and Methods.
GTP-Rho1 Pull Down. The 3Flag-Rho1 labeled strain transformed with pAG426, pAG426-αS, or pAG426-αS(Δ2-10) was pregrown in noninducing medium and then induced in galactose medium for 8 h. Lysates were prepared and incubated with either Pkc1-RBD (David Pellman, Harvard University, Boston) bound to GST agarose beads or GST agarose beads as a control, as described in ref. 14. After several washes with PBS, the beads were analyzed for retention of GTP-Rho1 by SDS/PAGE followed by Western blotting with an anti-Flag antibody. Total Rho1 was used as loading control.
GST-Cdc5 Pull Down. The cdc15-2 strain with integrated TUS1-13-myc transformed with pAG426, pAG426-αS, or pAG426-αS(Δ2-10) was pregrown in sucrose medium at 23°C and then diluted (OD 600 = 0.2) into galactose medium and induced overnight at 23°C. The cultures were shifted to 37°C to arrest the cell cycle at anaphase for 4 h and then released by returning to 23°C. After a 1-h recovery, the cells were harvested and lysed. A sample of supernatant (3 mg of total protein) was mixed with an aliquot of GST-PBD, GST-Pincer, or GST-KD bound to agarose beads. After overnight incubation at 4°C, the beads were washed, boiled for 5 min at 95°C, and centrifuged. Samples were subjected to SDS/PAGE followed by Western blotting. A mouse monoclonal anti-myc (9E10) (gift from Kelly Tatchell, Shreveport, LA) was used as the primary antibody.
